The effects of mild-to-moderate hearing impairment on the perceptual importance of three acoustic correlates of stop consonant place of articulation were examined. Normal-hearing and hearing-impaired adults identified a stimulus set comprising all possible combinations of the levels of three factors: formant transition type (three levels), spectral tilt type (three levels), and abruptness of frequency change (two levels). The levels of these factors correspond to those appropriate for/b/,/d/, and/g/in the/a•/environment. Normal-hearing subjects responded primarily in accord with the place of articulation specified by the formant transitions. Hearing-impaired subjects showed less-than-normal reliance on formant transitions and greater-than-normal reliance on spectral tilt and abruptness of frequency change. These results suggest that hearing impairment affects the perceptual importance of cues to stop consonant identity, increasing the importance of information provided by both temporal characteristics and gross spectral shape and decreasing the importance of information provided by the formant transitions.
INTRODUCTION
Our aim in conducting this research was to assess the effects of spectral tilt at signal onset, abruptness of frequency change following onset, and formant transitions on the identification of voiced stop consonants by normal-hearing and hearing-impaired listeners. The rationale for studying these three stimulus attributes is that they are a set ofthe distributed (in time) acoustic consequences of stop consonant production and, as such, are potential cues to place of articulation. The rationale for comparing normal-hearing and hearing-impaired listeners is that poor frequency resolution, poor temporal resolution, and spectral amplitude distortion commonly coexist with cochlear hearing impairment and may alter the perceptual importance of one or more of the potential cues to stop identity.
A. Cues for place of articulation
As noted above, formant transitions (e.g., Fant, 1973) , spectral tilt at signal onset (Blumstein and Stevens, 1979) , and abruptness of frequency change following onset (Kewley-Port, 1983) vary systematically with place of articulation. Moreover, each of these attributes can be shown to have an effect on stop consonant identification. The influence of formant frequency information on identification has been known for more than 30 years (e.g., Liberman et al., 1954) , whereas that of spectral tilt at signal onset (Blumstein et al., 1982) or, alternatively, of the change in the distribution of spectral energy from burst onset to voicing onset (Lahiri et al., 1984) has been demonstrated more recently, Unpublished data from our laboratory indicate that the abruptness of frequency change following onset (i.e., the duration the spectrum remains steady state or nearly steady state) can exert a small effect on identification.
The importance of cues based on spectral shape as opposed to cues based on formant frequencies has been assessed in three "conflicting cue" experiments ( Lahiri et al. (1984) generated synthetic CV syllables in which bursts of 15-ms duration were followed by voiced formants. The formant frequency, duration, and amplitude values of their prototypical stimuli were derived from analyses of tokens of/pV/syllables and/dV/syllables spoken by a native speaker of French. Two sets of conflicting cue stimuli were created by adjusting gross spectral shape so that the relative change in the distribution of spectral energy from burst onset to voicing onset corresponded to the alternative place of articulation. For one set, they adjusted the spectral shape of the burst; for the other set, they adjusted the spectral shape at the onset of voicing.
Despite the differences between the types of stimuli , 1985) . If the large effect of spectral tilt in the Lahiri et al. study was due to reduced formant information, then we might expect that heating-impaired listeners, for whom formant representations may be poor, would be influenced more than normal-hearing listeners by spectral tilt. On the other hand, for heating-impaired listeners whose sensitivity loss varies with frequency, tilt information is presumably distorted, with the nature of the distortion a function of signal level. From this perspective, we might expect that tilt would not be a useful cue for heating-impaired listeners.
When there are multiple acoustic cues to phonetic identity, neutralization of the primary cue(s) allows other cues to influence categorization (e.g., Lisker, 1978) For stimuli with abrupt frequency change following onset, the parameter values of the second 5-ms frame of the declaration always differed from those of the first frame. The stimuli with nonabrupt frequency change were created by holding the stimulus parameters constant for the first four frames, creating a "steady state" of 20 ms. The decision as to the duration of the long steady state was somewhat arbitrary. We wanted to use a duration appropriate for velar stops without obviously distorting labial and alveolar stops. It appeared to us that steady states longer than 20 ms created such distortion.
Initial spectral tilt parameters were held constant for 15 ms for signals with abrupt frequency change and for 30 ms for signals with nonabrupt frequency change. For both signal types, the tilt changed to values appropriate for the following vowel over 30 ms. Total signal duration was 250 ms for stimuli with the abrupt frequency change following onset and 265 ms for stimuli with the nonabrupt frequency change.
Signals with conflicting transitions and tilts were created by adjusting the formant amplitudes of the given transition type to correspond to the formant amplitudes of the prototypical stimulus with the desired tilt. This required few arbitrary decisions for b and d tilts. For g tilts, however, there was a question as to how to create the midfrequency peak. We chose to elevate F2. This resulted in a not unreasonable peak location for stimuli with d transitions. For stimuli with b transitions, however, the frequency of the peak was much lower than that in the prototype (although still in the frequency range of possible peaks for a velar stop). Elevation off 3 would have resulted in a peak location more similar to that of the prototype.
The onset spectra for the nine combinations of formant transitions and spe•traI tilt types are shOWn in Fig. 2 . The spectra were obtained from linear prediction analyses, without preemphasis, using a 25.6-ms Hamming window centered at signal onset. The subjects read a set of written instructions at the beginning of the experimental session. Prior to each test list, they listened to a practice list consisting of five repetitions of the tokens of/bae/,/dae/, and/gae/, whose parameter values corresponded most closely to those of natural speech. The identities of the practice items were indicated on the answer sheet. For the test sequences, the subjects were instructed to respond by writing "b," "d," or "g" to all stimuli.
II. RESULTS
We determined the confusion matrix for each subject for each presentation level. These data, averaged over presentation levels and subjects within a group, are shown in Table I . apparently, more influenced by spectral tilt and abruptness of frequency change. Inspection of the individual data revealed that some heating-impaired listeners were highly consistent in their labeling of most of the stimuli, whereas others responded inconsistently to the majority of stimuli. Moreover, some of these subjects responded primarily in accord with the place of articulation specified by one of the stimulus variables, whereas the identification responses of other subjects were determined by specific combinations of stimulus attributes. Finally, the response patterns of some of the heating-impaired subjects varied appreciably with presentation level.
For purposes of analysis, we treated formant transitions as the primary cue to stop consonant identity; that is, the type of formant transition defined the "correct" response to each stimulus, while abruptness of frequency change following onset and spectral tilt were treated as variables that could affect the probability that a correct response was given. We conducted a 1 between X 4 within analysis of variance with heating status as the between-subjects variable and formant type, spectral tilt, abuptness of frequency change, and presentation level as the within-subjects variables. 3 The depen- Fig. 3 , the forms of the transition X tilt effects were similar for the two groups, but the effect was larger for the heating-impaired listeners than for the normal-heating listeners. Identification accuracy for b-transition stimuli was highest when they had a b tilt and lowest when they had a d tilt, whereas identification accuracy for d-transition stimuli was highest when they had a d tilt and lowest when they had a g tilt. Performance on g identification, which was comparable for stimuli with d and g tilts, was relatively low for stimuli with a b tilt. Analyses of the simple effect of tilt for each transition by group indicated that (a) for the normal-hearing listeners, tilt had a significant effect on the identification accuracy of both d-transition and g-transition stimuli, F(2,38)= 14.27, p<0.001, and F(2,38) = 3.70, p < 0.05, respectively, and (b) for heatingimpaired listeners, tilt had a significant effect on the identification of all three transition types: F(2,34) = 7.17, p < 0.01  for b; F(2,34) = 7.86, p <0.01 for d; and F(2,34) = 7.21,  p<0.01 for g. Although the main effect of abruptness of frequency change following onset was not significant, both the transition X abruptness and the transition X abruptness X group interactions were significant, F(2,72) = 10.65, p <0.0001 and F(2,72) = 8.57, p < 0.001, respectively. The three-way interaction is shown in Fig. 4 X tilt, F(4,144) = 2.85, p < 0.05, interactions were statistically significant. The heating-impaired listeners in this study were older than the normal-hearing listeners, and some of the differences in performance that have been attributed to hearing impairment may have resulted from age-related differences in speech processing (e.g., Hayes and Jerger, 1979) . As a partial test of the importance of age, the data for the heatingimpaired listeners were reanalyzed with age [< 60 years (n = 10) vs > 60 years (n = 8) ] as a grouping variable. None of the effects involving age was significant in these analyses.
In a recent study of stop consonant recognition, Dubno et al. (1987) categorized their heating-impaired listeners with respect to audiometric configuration: fiat, gradually sloping, and steeply sloping. They found that accuracy was lower for the steeply sloping group than for the other two heating-impaired groups. In order to determine whether some of the within-group variability in our experiment could be accounted for by the steepness of heating loss, we analyzed the data for the heating-impaired listeners with audiometric configuration [steep (n = 7) and not steep (n = 11 ) ] as a grouping variable. The effects involving configuration were all nonsignificant in this analysis.
III. DISCUSSION
The results indicate that heating status affects the relative perceptual importance of cues to stop consonant identity. In accord with previous results reported by Blumstein et al. (1982) and Walley and Carrell ( 1983 ) , formant information was the dominant factor in determining the identification responses of normal-hearing listeners. Although spectral tilt at signal onset had a significant effect on identification performance, the effect was small. Similarly, abruptness of frequency change following onset had little effect on the identification responses of normal-hearing listeners: Only d-formant identification was affected, with slightly higher performance for the abrupt frequency change.
The tilt effects for the heating-impaired listeners were larger than those for the normal-hearing listeners. As shown in Fig. 3 . however, the transition X tilt interactions for the two groups differed little in form, suggesting that the effect of tilt on hearing-impaired listeners differs quantitatively but not qualitatively from the effect of tilt on normal-hearing listeners. There was no evidence that the tilt manipulation functioned merely to change the audibil!ty of certain parts of the spectrum. Were this the case, identification accuracy for all of the formant types would presumably have increased with the rising d tilt.
Abruptness of frequency change, like tilt, had a greater effect on the identification performance of hearing-impaired listeners than on the identification performance of normalhearing listeners, although in this case the form of the interaction varied with hearing status. For normal-hearing listeners, the abruptness effect was limited to d-formant stimuli. In contrast, for hearing-impaired listeners, abruptness affected the identification accuracy of all three formant types. A long, spectral steady-state onset increased the number ofg responses to stimuli with b and d transitions and was necessary to elicit a large number of g responses to stimuli with g transitions. The latter effect is consistent with the poor identification of/g/by hearing-impaired listeners in our previous experiments, for which stops were synthesized without a long spectral steady state following signal onset (see Dorman et We suppose that the diminished influence of formant information on the identification responses of hearing-impaired listeners was due to the effects of poor frequency resolution and poor temporal resolution, acting independently or in concert. As we noted earlier, poor frequency resolution may alter formant information by reducing the auditory definition of spectral peaks associated with F 2 and F 3. In addition, poor temporal resolution may alter formant information by blurring the auditory representation of the distribution of spectral energy over time . The greater-than-normal influence of tilt and abruptness may have been a consequence of the diminished effect of formant information. As we noted in the Introduction, when there are multiple potential cues for phonetic categorization, and the primary cue is made ambiguous or is insufficient to support phonetic categorization, then secondary cues may determine phonetic categorization.
In natural speech, information about spectral tilt and abruptness of frequency change is carried by portions of the signal that are of relatively low amplitude. Even low levels of noise could mask this information. To the degree that hearing-impaired listeners rely disproportionally on these cues, they would need a better signal-to-noise ratio than that needed by normal-hearing listeners to achieve a given level of performance (e.g., Dirks et al., 1982) . Finally, if spectral tilt and abruptness of frequency change are particularly important for heating-impaired listeners, then prosthetic devices should process signal onsets with very high fidelity. 
